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The ground-state rotational spectra of five isotopic species, C4H8
32S‚‚‚H35Cl, C4H8

32S‚‚‚H37Cl, C4H8
32S‚‚‚

D35Cl, C4H8
32S‚‚‚D37Cl, and C4H8

34S‚‚‚H35Cl, of a hydrogen-bonded dimer between tetrahydrothiophene and
hydrogen chloride have been measured in the frequency range 6-18.5 GHz using a molecular beam Fourier
transform microwave spectrometer. Spectral analysis gave rotational, quartic centrifugal distortion and
Cl-nuclear quadrupole coupling constants for each isotopomer. The rotational and quadrupole coupling
constants have been interpreted in terms of a geometry in which hydrogen chloride lies on the plane bi-
sector to the CSC angle of tetrahydrothiophene. The angle between the S‚‚‚Cl internuclear line and the line
bisecting the CSC angle was found to be 86.6(7)° and the distancer(S‚‚‚Cl) ) 3.48(3) Å. The deviation of
the atoms S‚‚‚H-Cl involved in the hydrogen bond from a collinear arrangement (θ ) 0°) was estimated to
beθ ∼ 14°.

Introduction

Hydrogen-bonded dimers B‚‚‚HX (where X) F, Cl, Br, CN,
and B is a heterocycle molecule) have long been studied using
microwave spectroscopy techniques during the past two
decades.1-13 The structures determined for these heterodimers
provide an experimental test of a set of rules for predicting the
angular geometries of hydrogen-bonded complexes and to find
the extent of any angular deviation of the atoms involved in
the hydrogen bond from collinearity.14,15 Investigations of
dimers involving sulfur-containing heterocycles have included
only thiirane‚‚‚HX6-9 (X ) F, Cl, Br, or CN) complexes. For
all cases a significant nonlinearity of the system S‚‚‚H-X has
been observed. This behavior has been rationalized in terms
of a secondary attractive interaction between X and the CH2

groups of the thiirane ring. In this context we have investigated
the ground-state rotational spectrum of tetrahydrothiophene‚‚‚
HCl by molecular beam Fourier transform microwave spec-
troscopy.
Tetrahydrothiophene (THT, C4H8S) is a cyclopentane deriva-

tive where a methylene group has been replaced by a sulfur
atom. Far-infrared studies16,17have shown that pseudorotation
in this molecule is hindered by a 2-fold barrier of 774 cm-1

and have predicted a barrier of 4250 cm-1 17 to the planar ring.
From microwave18-22 and electron difraction23 studies it has
been found that THT has atwisted ring (C2) equilibrium
conformation. No complexes involving THT have been studied
to the present.

Experimental Section

The ground-state rotational spectra of five isotopomers,
C4H8

32S‚‚‚H35Cl, C4H8
32S‚‚‚H37Cl, C4H8

32S‚‚‚D35Cl,
C4H8

32S‚‚‚D37Cl, and C4H8
34S‚‚‚H35Cl, were measured using a

molecular beam Fourier transform microwave spectrometer
(MBFTMW) in the range 6-18.5 GHz. Details of this spec-
trometer are described elsewhere.24 The isotopic species35Cl,
37Cl, 32S, and34S were observed in their natural abundances.

Gas mixtures of∼1% tetrahydrothiophene (Aldrich),∼4%
hydrogen chloride (Aldrich), or∼4% deuterium chloride
(Euriso-top) in Ar at stagnation pressures of∼1 bar were used
throughout. No indications of reaction between tetrahy-
drothiophene and HCl were detected under the conditions of
the preexpansion mixture. Molecular pulses of ca. 0.45 ms
duration together with a MW polarization power of 40 mW at
a pulse length of 0.2µs were found to be optimal. The
frequencies were determined after Fourier transformation of the
8k data points time domain signal, recorded with a 40 ns sample
interval. The pulsed nozzle valve is located near the center of
one of the mirrors, so that molecular expansion travels parallel
to the resonator axis. Consequently, all observed transitions
appear as doublets due to the Doppler effect. The line positions
are determined by averaging the frequencies of the two Doppler
components. The accuracy of frequency measurements is
estimated to be better than 5 kHz.

Results and Discussion

Rotational Spectra. Model calculations based on the struc-
tures of THT22 and HCl25 (displayed in Table 1) and reasonable
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TABLE 1: Rotational and Structural Parameters of
Tetrahydrothiophene and Hydrogen Chloride

structural parameters rotational constants
molecule

C4H8
32Sa r(C1-C2) ) r(C3-C4) 1.530 Å A/MHz 6020.5255(17)

r(C2-C3) 1.525 Å B/MHz 4373.9360(13)
r(S-C1) ) r(S-C4) 1.840 Å C/MHz 2801.0302(11)
r(C-H) 1.090 Å
∠CSC 97.1° Pbd/uÅ2 74.41276(29)
∠SCC 105.8°
∠CCC 106.4°
∠HC2H ) ∠HC3H 112.0°
∠HC1H ) ∠HC4H 111.0°
æb 27.5°

H35Clc r0 1.28387 Å B0/MHz 312 989.297

a The structural parameters reproduce within 1 MHz the experimental
rotational constants of the parent,34S, 13CR, and13Câ species of THT.22
b æ ring-twisting dihedral angle.cReference 25.d Pb ) (Ia - Ib + Ic)/2
) ∑imibi2. Conversion factor: 505 379.1 MHz uÅ2.
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geometries for the hydrogen bond7 predict the THT‚‚‚HCl dimer
to be a nearly prolate asymmetric rotor (κ ≈ -0.94) with the
electric dipole moment mainly oriented alonga andb inertial
axes. The automatic scan mode was used to search for theaR01

type transitions, which were expected to be the most intense
lines of the spectrum showing the characteristicJ+ 1r J band
structures of a nearly prolate asymmetric rotor. The transitions
attributed to the dimer exhibit a nuclear quadrupole hyperfine
pattern indicative of the presence of a single Cl nucleus (I )
3/2). The first identified transitions were those of theJ ) 5 r
4 band withK-1 ) 0, 1, 2, and 3 for both C4H8

32S‚‚‚H35Cl and
C4H8

32S‚‚‚H37Cl isotopomers. Figure 1 shows the 50,5 r 40,4
transition for C4H8

32S‚‚‚H35Cl. Assignments of the spectra were
then straightforward. TheaR andbR type spectra were assigned
and measured for both C4H8

32S‚‚‚H35Cl and C4H8
32S‚‚‚H37Cl

species. ThebQ lines were also measured for the C4H8
32S‚‚‚

H35Cl isotopomer. The same procedure was followed for the
remaining isotopomers. Due to the low natural abundance and
the detection limits of the spectrometer, for the34S species only
aR transitions could be detected.
The spectra were fitted using the program CALPGM of

Pickett,26 which allows for the direct diagonalization of the
Hamiltonian including centrifugal distortion and quadrupole

coupling operators. The A-reduced semirigid rotor Hamiltonian
of Watson27 in the Ir representation was used. The determined
rotational, quartic centrifugal distortion and quadrupole coupling
constants are given in Table 2. The centrifugal distortion
constant∆K was determined only for the parent, so for the
remaining species it was kept fixed to this value. For the34S
isotopomer only∆J was determined. The off-diagonal element
of the quadrupole coupling tensorøab has been determined for
all the observed isotopomers. The off-diagonal elementsøac
andøbc could not be determined from the observed spectra. The
c-type spectrum was predicted using the accurate spectroscopic
constants of the parent species in Table 2. After accumulating
thousands of spectra noc-type lines were detected, indicating
a very small value of theµc component of the electric dipole
moment. The frequencies measured for the different isoto-
pomers are recorded in Tables 3-7.
Structure. The rotational parameters given in Table 2 were

used to determine the structure of THT‚‚‚HCl dimer. The usual
consideration that the geometries of the monomers are un-
changed upon complexation has been employed. THT is a
flexible molecule undergoing pseudorotation with a twisted ring
(C2) equilibrium conformation. A reinvestigation of the rota-
tional spectra of THT carried out in our laboratory22 gave the
r0-like structure given in Table 1. This C2 structure reproduces
the experimental rotational constants for all the studied isoto-
pomers within 1 MHz. The way in which the formation of the
complex THT‚‚‚HCl affects the equilibrium conformation and
pseudorotation is unknown. However, given the magnitude of
the barrier hindering pseudorotation,16,17it can be expected that
the minima of the pseudorotation path correspond also to the
twisted ring conformation of THT in the complex. If we
consider the bent equilibrium conformation, it will give rise to
nonequivalent axial and equatorial hydrogen bond complexes.
For the related six-membered ring thiane‚‚‚HCl dimer, an axial-
equatorial equilibrium has been observed.28 On the other hand,
for the twisted form two equivalent enantiomers are expected.
The fact that only one conformer has been experimentally
observed supports the twisted form for THT in the dimer.
A first insight on the geometry of the complex can be obtained

from simple considerations based on the observed spectroscopic
properties. First of all, the observation ofa- andb-type spectra
rules out aC2 symmetry with HCl lying along theC2 axis of
the THT subunit. The planar momentPc (see Table 2) which
depends only on thec coordinates of the nuclei, do not change

Figure 1. F ) 13/2 r 11/2, 11/2 r 9/2, 9/2 r 7/2, and7/2 r 5/2 quadrupole
coupling components of the 50,5 r 40,4 transition for the C4H8

32S‚‚‚
H35Cl isotopomer of THT‚‚‚HCl. Number of cycles 640. Doppler effect
splitting 45 kHz.

TABLE 2: Spectroscopic Constants for Tetrahydrothiophene‚‚‚HCl

C4H8
32S‚‚‚H35Cl C4H8

32S‚‚‚H37Cl C4H8
32S‚‚‚D35Cl C4H8

32S‚‚‚D37Cl C4H8
34S‚‚‚H35Cl

A/MHz 2996.0195(14)a 2993.2671(27) 2990.0510(24) 2987.1342(39) 2943.254(59)
B/MHz 1190.07468(26) 1154.96250(51) 1184.01573(56) 1149.57540(75) 1188.13255(25)
C/MHz 1125.87127(26) 1094.14089(47) 1119.68730(50) 1088.56205(71) 1116.89541(25)
∆J/kHz 1.1637(14) 1.1071(18) 1.1496(22) 1.0954(26) 1.1295(29)
∆JK/kHz 1.6706(80) 1.649(13) 1.637(14) 1.620(18) [1.6706]b

∆K/kHz 0.44(11) [0.44]b [0.44]b [0.44]b [0.44]b

δJ/kHz 0.1214(14) 0.1105(16) 0.1197(19) 0.1125(19) [0.1214]b

δK/kHz -1.038(71) -0.92(17) -1.11(19) -1.15(27) [-1.038]b
øaa/MHz -25.844(11) -20.658(10) -26.331(15) -21.058(17) -26.250(46)
øbb - øcc/MHz -24.394(15) -19.011(16) -24.923(16) -19.420(32) -24.31(13)
|øab|/MHz 36.61(12) 28.74(49) 37.323(49) 28.89(47) 36.6(10)
Nc 186 169 167 125 56
Jmax 9 8 8 8 7
σd/kHz 1.6 1.3 2.1 1.7 1.8
øbb/MHz 0.725(13) 0.824(13) 0.704(16) 0.819(25) 0.975(88)
øcc/MHz 25.119(13) 19.835(13) 25.627(16) 20.239(25) 25.275(88)
Pce/uÅ2 72.23348(76) 72.25734(91) 72.24883(89) 72.2723(10) 72.2889(49)

a Standard error in parentheses in units of the last digit.b Parameters in square brackets were fixed to the corresponding C4H8
32S‚‚‚H35Cl value.

cNumber of fitted quadrupole components.d rms deviation of the fit.e Pc ) (Ia + Ib - Ic)/2 ) ∑imici2. Conversion factor: 505 379.1 MHz uÅ2.
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very much upon isotopic substitution on the Cl, H, or S atoms.
This is evidence that these atoms, involved in the hydrogen
bond, lie very close to theab inertial plane. Furthermore, these
Pc values in the complex are similar toPb in the monomer (see

Table 1) suggesting that theab inertial plane of the dimer and
theac inertial plane of THT are quite close, with thec axis of
the dimer and theb axis of THT nearly parallel. Thus, in going
from the THT molecule to the dimer, an interchange of the

TABLE 3: Observed and Calculated Frequencies (MHz) of the Hyperfine Components for C4H8
32S‚‚‚H35Cla

a F: half-integer rounded up to the next integer.
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principal axes (see Figure 2) takes place so that thea-type
spectrum of THT is converted ina- andb-type spectra in the
dimer. This is consistent with the absence ofc-type lines. The

similar values of theA rotational constant of the complex and
the C rotational constant of the THT monomer is a strong
indication that the Cl atom is located above (or below) the THT

TABLE 4: Observed and Calculated Frequencies (MHz) of the Hyperfine Components for C4H8
32S‚‚‚H37Cla

a F: half-integer rounded up to the next integer.
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ring. Finally, a comparison of the changes in the rotational
constantsB andC of the dimer upon isotopic substitution of H
and Cl is indicative that the hydrogen atom is closer than the
Cl atom to the dimer center of mass.

The angular geometry of the complex can be rationalized
using the empirical rule14which assumes that in the equilibrium
conformation of a hydrogen-bonded dimer B‚‚‚HX the axis of
the HX molecule lies along the axis of a nonbonding (n) electron

TABLE 5: Observed and Calculated Frequencies (MHz) of the Hyperfine Components for C4H8
32S‚‚‚D35Cla

a F: half-integer rounded up to the next integer.

Hydrogen-Bonded Heterodimer Tetrahydrothiophene‚‚‚HCl J. Phys. Chem. A, Vol. 102, No. 21, 19983685



pair of the acceptor atom of B. The axes of the two equivalent
lone pairs of S in THT, as conventionally envisaged, lie on the

plane bisector to the CSC angle. This plane contains thea (C2)
inertial axis of THT and forms a small dihedral angle of 6.1°

TABLE 6: Observed and Calculated Frequencies (MHz) of the Hyperfine Components for C4H8
32S‚‚‚D37Cla

a F: half-integer rounded up to the next integer.

TABLE 7: Observed and Calculated Frequencies (MHz) of the Hyperfine Components for C4H8
34S‚‚‚H35Cla

a F: half-integer rounded up to the next integer.
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with theac inertial plane of this molecule. The location of HCl
on this bisector plane is then consistent with the spectroscopic
observations discussed above (see Figure 2).
The structure of the dimer was investigated by least-squares

fits of all the observed rotational constants to determine anr0-
like structure for the atoms involved in the hydrogen bond. The
monomer geometries used in these fits are those given in Table
1. The observed rotational constants were found to have a small
dependence on the position of the hydrogen atom, so initially a
linear S‚‚‚H-Cl hydrogen bond was considered. Under this
constraint a first fit to determine the S‚‚‚Cl distance, the angle
φ (see Figure 3), and the angleδ of deviation of the S‚‚‚Cl
internuclear line from the CSC bisector plane yield the values
r(S‚‚‚Cl) ) 3.49(3) Å,φ ) 86.4(7)°, andδ ) -2.4(1.8)°. This
result for theδ angle is evidence of the location of the Cl atom
very close to the CSC bisector plane, which is reasonable on
the basis of the rule proposed by Legon and Millen.14 The

values obtained by assuming Cl lying on that plane are given
in Table 8. Due to the vicinity of the H, Cl, and S atoms
involved in the hydrogen bond, anrs structure using Kraitch-
man’s equations29 is not reliable.
The position of the hydrogen atom can be investigated from

the Cl-nuclear quadrupole coupling tensor.15 The complex
THT‚‚‚HCl is not aCsmolecule, and it is expected to have all
the off-diagonal elements of the quadrupole coupling tensor
different from zero. Values for the elementsøac andøbc could
not be obtained from the experimental data, but these are
expected to be small due to the nearly parallel orientation of
HCl relative to theab inertial plane. This location of HCl is

Figure 2. Principal inertial axis systems in THT and THT‚‚‚HCl.

Figure 3. Dimer THT‚‚‚HCl (drawn to scale) showing the atom labeling (see Table 1) and the definitions of the anglesθ, φ, R, andγ.

TABLE 8: Structural Parameters of the Complex
THT ‚‚‚HCl (See Figure 3)

parameter θ ) 0° θ ) 14°
r(S‚‚‚Cl), Å 3.49(3) 3.48(3)
φ, deg 86.5(7) 86.6(7)

Hydrogen-Bonded Heterodimer Tetrahydrothiophene‚‚‚HCl J. Phys. Chem. A, Vol. 102, No. 21, 19983687



also consistent with the fact that the ratios (35øcc/37øcc) ) 1.2664-
(15) for the H species and (35øcc/37øcc) ) 1.2662(23) for the D
species are in good agreement with the theoretical value35Q/
37Q ) 1.26878(15).30 Under the approximation thatøac and
øbc are equal to zero, the quadrupole coupling tensor of the
different isotopomers was transformed to its principal-axis
system (x, y, z) by diagonalization. This is equivalent to a
rotation of an angleR of about 35° around thec axis (see Table
9) for all the isotopomers. It has been shown elsewhere3,15 that
the angleR obtained in this way corresponds to the equilibrium
conformation of the dimer and can be expected to be a
reasonable approximation to the angle between the HCl axis (z
by assuming a cylindrical symmetry for the Cl-nuclear quad-
rupole coupling tensor) and thea principal inertial axis. With
this value of R several orientations of HCl are possible.
However, only that for which the H atom is directed toward
the sulfur atom is consistent with the spectroscopic observations
discussed above. This orientation is depicted in Figure 3, which
describes the formation of a hydrogen bond to the S atom. From
the structural calculations based on the rotational constants the
angleγ (see Figure 3) between the S‚‚‚Cl internuclear line and
the a principal inertial axis was calculated to be 26°. The
comparison of this angles withR ) 35° provides an evidence
that the hydrogen bond is bent, yielding an estimate of theθ
(see Figure 3) angle for nonlinearity of∼14°.
The values of the Cl quadrupole coupling constantsøii (i )

x, y, z) shown in Table 9 have been found to be of similar
magnitude for different complexes formed through a hydrogen
bond between HCl and molecules containing O3,13,31 or S7,32

atoms. On this basis, an alternative procedure to investigate
the hydrogen atom position has been employed, assuming for
THT‚‚‚HCl the sameøii (i ) x, y, z) values as those given by
Evans and Legon7 for the thiirane‚‚‚HCl complex. By assuming
that HCl lies on the CSC bisector plane with the geometry
previously obtained for the Cl atom, the quadrupole coupling
tensor in the principal inertial axis system has been calculated
for different values of the∠SClH angle ranging from zero
(linear hydrogen bond) to 20°. The values of theøaa, øbb, øcc,
and|øab| constants obtained for the parent species are compared
in Figure 4 with the experimental values. It can be seen from
this figure that the calculated constants are very close to the
observed ones for the interval of∠SClH between 8° and 10°.
The calculated constantsøac andøbc for ∠SClH) 9° are-5.5
MHz and 3.9 MHz, respectively. The resulting interval for the
θ (see Figure 3) angle is 12°-16°, in good agreement with the
value previously determined from the diagonalization of the
observed quadrupole coupling tensor.
On the basis of these results concerning the orientation of

the HCl bond, a final least-squares fit to the rotational constants
to determine the Cl position was made. Given the value ofδ
previously obtained, in this fit the HCl bond was constrained

to lie in the CSC bisector plane withθ ) 14°. The results
are given in Table 8. The angle formed between the line
bisecting the CSC angle and the S‚‚‚H internuclear line can be
estimated to be∼92°. Comparable values for this angle have
also been found in related complexes such as thiirane‚‚‚HX6-9

or H2S‚‚‚HX,32-34 and similar arguments as those used to
rationalize the structure of these complexes can also be used
for THT‚‚‚HCl. If we accept the model stating that the position
of HCl is a probe for the orientation of the n-bonding pairs of
the S atom,14 the axis of these pairs in THT would be nearly
perpendicular to the CSC plane. This is consistent with the
simple VSERP model35,36 applied to THT, which predicts the
angle between the lone pairs larger than tetrahedral for CSC
angles less than tetrahedral. A nearly right angle between the
CSC plane and the lone pairs axis is also expected from the
conventional way to envisage the C-S bonds as formed by
employing pure 3p orbitals on S, leaving the two lone pairs to
occupy sp hybrid orbitals at 90° to the plane of theσ bonds.
On the other hand, this configuration would also be understood
in terms of the HOMO-LUMO model by considering that the
dominant interaction of theσ* LUMO orbital of HCl occurs
with the HOMO nonbonding orbital nπ of THT, which has 3p
character on S and its axis is perpendicular to the CSC plane.
The Cl-nuclear quadrupole coupling tensor of THT‚‚‚HCl

is of magnitude similar to those of related B‚‚‚HCl com-
plexes.3,7,13,32 For these heterodimers the decrease in magnitude
of øzz with respect to that of free HCl37 has been mainly
attributed to the zero-point angular oscillation of the HCl subunit
about its center of mass. In this motion the HCl axis describes
a right circular cone withz as its axis andâ as its half-angle.

TABLE 9: Cl -Nuclear Quadrupole Coupling Tensor of Tetrahydrothiophene‚‚‚HCl Complex in the Inertial and Main Axis
System

C4H8
32S‚‚‚H35Cl C4H8

32S‚‚‚H37Cl C4H8
32S‚‚‚D35Cl C4H8

32S‚‚‚D37Cl C4H8
34S‚‚‚H35Cl

øaa/MHz -25.844(11)a -20.658(10) -26.331(15) -21.058(17) -26.250(46)
øbb/MHz 0.725(13) 0.824(13) 0.704(16) 0.819(25) 0.975(88)
øcc/MHz 25.119(13) 19.835(13) 25.627(16) 20.239(25) 25.275(88)
|øab|/MHz 36.61(12) 28.74(49) 37.323(49) 28.89(47) 36.6(10)
øxx/MHz 26.39(11) 20.76(46) 26.882(16) 20.77(44) 26.41(94)
øyy/MHz 25.119(13) 19.835(13) 25.627(16) 20.239(25) 25.275(88)
øzz/MHz -51.51(11) -40.60(46) -52.509(16) -41.01(44) -51.69(94)
Rb 35.025(30) 34.75(17) 35.045(20) 34.63(15) 34.79(26)

a Standard error in parentheses in units of the last digit.b Angle, in degrees, between thea principal inertial axis and thez gradient field axis.
The error quoted is that derived from the standard errors inøaa, øbb, øcc, and|øab| and does not reflect errors arising from the asssumption thatøac
andøbc are zero.

Figure 4. Variation of the calculated quadrupole coupling components
øaa, øbb, øcc, andøab of THT‚‚‚HCl with the∠SClH angle (see text)
and comparison with the observed values.
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Assuming that this oscillation is isotropic in thexy plane,øzz
has been defined as the average:3,15

Equation 1 can then be used to calculate an average angleâav
) cos-1〈cos2 â〉1/2 ) 23.49(9)° for THT‚‚‚H35Cl. Calculations
of âav for the rest of isotopomers reproduce this value within
1°. These oscillation angles are comparable to those reported
for related HCl complexes.3,7,13,32

The deviation from linearity of the hydrogen bond is evi-
dence of a secondary hydrogen-bond interaction between the
chlorine atom of HCl and the nearest hydrogen atoms of the
CH2 groups in the THT ring.15 For the structure determined
here of THT‚‚‚HCl the nearest hydrogen atom belongs to one
of theâ-methylene groups which is 3.22 Å distant from the Cl
atom. For theR-methylene groups hydrogen atoms the calcu-
lated distances are 3.41 and 3.64 Å. In a series of complexes
B‚‚‚HX the secondary interaction distancesr(H‚‚‚X) between
the halogen atom X and the nearest H atoms of B have been
found to lie in the range 2.89-3.36 Å.9
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